Sinterable Ti 3 SiC 2 powder was synthesized from a powder mixture with a molar ratio of 1.0Ti:0.3Al:1.2Si:2.0TiC by heating at 1200°C in Ar flow. Almost single-phase peaks of Ti 3 SiC 2 were observed in X-ray diffraction patterns. The powder was dispersed in ethanol using polyethylenimine (PEI) as the polymer dispersant. Textured dense Ti 3 SiC 2 ceramics were successfully fabricated by slip casting in a strong magnetic field followed by pressureless sintering at 1400°C for 2 h. The relative density of these Ti 3 SiC 2 ceramics was 99.4%, and the bending strength, fracture toughness and electrical resistivity were 623 « 9 MPa, 5.9 « 0.1 MPa·m 1/2 and 0.31¯³·m, respectively. Compared with those of nontextured pressureless sintered samples of almost full density, the bending strength and fracture toughness of the textured Ti 3 SiC 2 ceramics were increased by factors of 1.6 and 1.4, respectively.
Introduction
Titanium silicon carbide (Ti 3 SiC 2 ) is one of the M n+1 AX n (MAX phases)layered ternary carbides or nitrides with a hexagonal crystal structure. MAX phases exhibit a unique combination of metallic and ceramic properties. For example, Ti 3 SiC 2 has typically good electrical 1) and thermal 2) conductivities, in addition to high thermal shock, 3) wear, 4) corrosion, 5) and oxidation resistances 6) and damage tolerance. 7) However, MAX phase ceramics have not been densified to full density by pressureless sintering until now. 8),9) Therefore, the techniques of fabricating such ceramics have relied on pressure-aided sintering-hot press (HP), 10) hot isostatic press (HIP) 11) and spark plasma sintering (SPS). 12) This has limited the range of applications of Ti 3 SiC 2 ceramics. In our previous work, we succeeded in the pressureless sintering of Ti 3 SiC 2 ceramics to an almost full density using Ti 3 SiC 2 powder synthesized from a powder mixture with a molar ratio of 1.0Ti:1.2Si:0.3Al:2.0TiC. 13) However, the mechanical properties of the Ti 3 SiC 2 ceramics are not sufficient and the improvements in both the bending strength and the fracture toughness are required.
Natural nacre possesses a soft-tough-layered microstructure, which gives it excellent compressive and tensile properties. 14) Many material scientists have attempted to simulate the laminar configuration of nacre, expecting to improve the mechanical properties of inorganic ceramics. 15 ),16) They found that crack deflection and subsequent growth of delamination cracks were the source of energy dissipation during the fracture of layered ceramics, which contributed to the marked enhancement of the work of fracture. Layered microstructural ceramics can be assembled using MAX phases, owing to their specific nanolayered crystal structure. For assembling such a nacre-like structure, a fabricating textured MAX phase ceramics is required. Some trials of texturing the MAX phase ceramics have been conducted by a template-grain growth method 8) and a kind of hot forging using SPS. 17) However, the degree of orientation is not sufficient. Colloidal processes, such as slip casting, 18)21) gel casting, 22) and electrophorectic deposition, 23) in a strong magnetic field have been successfully conducted to obtain textured MAX phase ceramics by the aid of the anisotropic magnetic susceptibility of MAX phases owing to the anisotropic crystal structure. 24) Particularly for a textured Nb 4 AlC 3 ceramics high flexural strength of 1219 MPa perpendicular to the c-axis direction and a high fracture toughness of 17.9 MPa·m 1/2 parallel to the c-axis direction were observed. 19) The purpose of the present work is to fabricate textured dense Ti 3 SiC 2 ceramics with high bending strength and fracture toughness by slip casting in a strong magnetic field followed by pressureless sintering. The properties obtained are compared with those reported.
Experimental procedure
Powders of Ti (TIE07P13, D 50 = 24¯m, Kojundo Chemical Laboratory Co., Ltd.), Si (No. 600, 230¯m, Yamaishi Metal Co., Ltd.), TiC (TI-30-10-0020, D 50 = 2.8¯m, RARE METALLIC Co., Ltd.) and Al (ALE15PB, ¹38¯m, Kojundo Chemical Laboratory Co., Ltd.) were used as starting materials. These powders with a molar ratio of 1.0Ti:1.2Si:0.3Al:2.0TiC were ball milled using º5 mm ZrO 2 balls for 24 h in ethanol. After heating the powder mixtures in a tungsten heating furnace in a flow of Ar at 1200°C for 2 h, the microaggregated powder was deaggregated by ball milling with º10 mm ZrO 2 balls for 24 h in ethanol.
13) The density of the powder was measured by the He gas displacement method. And chemical composition was examined by chemical analysis. The amounts of Ti, Si and Al were analyzed by ICP (Inductively Coupled Plasma)OES (Optical Emission Spectrometry) measurement after alkali fusion.
The amounts of carbon and oxygen were analyzed by infrared absorption method.
Polyethylenimine (PEI) with an average molecular weight of 10000 and polyvinylbutyral (PVB) with an average molecular weight of 100000 was used as a polymer dispersant and a binder, respectively. To prepare the suspension, the Ti 3 SiC 2 powder was mixed with PEI by ball milling for 12 h using º5 mm ZrO 2 balls. Then, PVB was added to the suspension for ball milling for 3 h. The amounts of PEI and PVB added were 1.0 and 1.2 wt %, respectively. A 20 vol % suspension was prepared and used for slip casting.
To obtain textured Ti 3 SiC 2 ceramics, the suspension was slipcast in a 12T magnetic field. The glass pipes with a diameter of 30 mm were adhered on a plaster disk covered with a layer of Teflon membrane. The suspension was poured into the pipes and the slip casting set up was put on a sample stage in the 12T magnetic field. The magnetic field parallel to the horizon was used. The stage was rotated at 20 rpm in order to create the rotating magnetic field effect. 21 ),25), 26) It is known that the magnetic susceptibility of the a-or b-axis is larger than that of the c-axis in the Ti 3 SiC 2 system. 21) In this case c-axis of a particle can align in all of the directions perpendicular to the applied magnetic field; therefore, the crystal orientation cannot be determined in one direction by simple slip casting under a static magnetic field. Applying the rotation magnetic field on the a-b plane to a suspension is one solution for aligning the particle one direction, where the c-axis of particles can align to the casting direction. 21 ), 24) To obtain dense samples, the green body with dimensions of º30 mm © 10 mm was cold-isostatic-pressed (CIPed) under a pressure of 392 MPa for 10 min.
The green compact was kept in an alumina crucible and placed in a tungsten heating furnace. The furnace chamber was evacuated to a vacuum level of 10 ¹4 Pa and subsequently flushed out with argon. These evacuation and argon gas introduction processes were carried out two times. To burn out the polymer dispersant and binder, the green compact was heated at a rate of 20°C/min to 500°C and held for 1 h in Ar flow, before being heated to sintering temperatures of 11001400°C at a rate of 20°C/min.
The degree of orientation, L f , was estimated using the Lotgering orientation factor defined as
where P ¼ ½AEIð00lÞ=AEIðhklÞ ð2Þ
and P 0 represents the same quantity for a nonoriented sample. The L f factor varies from zero for a nonoriented sample to one for a completely oriented sample. In this study, P 0 was calculated from the peak data of the JCPDS card, No. 74-0310. Fractured surfaces of the sintered samples were characterized by SEM (TM3000, Hitachi Miniscope, Hitachi Ltd.) and chemical quantitative analysis was also performed as the same as the synthesized powder.
2 © 1.5 © 18 mm bars were cut from sintered samples, and their fracture strength was measured using a three-point fracture strength test with the span size set at 16 mm and the crosshead speed of 0.5 mm/min. The average bending strength was obtained from the measurements of 5 samples. To measure the fracture toughness, 4 © 2 © 18 mm bars were also cut as in the case of fracture strength measurement, a V-shaped notch with a depth of 0.5 mm, with a width of 100¯m and an end curvature radius of 10¯m was processed at the center of the specimen and a fracture toughness test was carried out with the span size set at 16 mm and the crosshead speed at 0.05 mm/min. The fracture toughness was calculated using the equation presented by Wakai et al. 27) and the results obtained. The average fracture toughness was obtained from the measurements of 5 samples.
The electrical resistivity of the samples was measured using a DC four-probe technique. The electrical connections were made with 0.2-mm-thick Cu wires and Ag paste. The applied currents for the resistivity measurements were in the 10100 mA range through a cross-sectional area of 2 © 1.5 mm. Figure 1 shows the XRD patterns of the powders synthesized at 1200°C for 2 h. Almost all the peaks observed were obtained from Ti 3 SiC 2 . Figure 2 shows the SEM image of the powder synthesized and milled. The powder appears to not aggregate and the average particle size was ³2.8¯m. The density of the synthesized powder measured by the He gas displacement method was 4.28 g·cm
Results and discussion

¹3
. It is well known that oxygen has a high solubility in Ti. This oxygen behavior in Ti implies that it is difficult to remove oxygen from Ti products. Oxygen also remains in the TiC, Si and Al powders used. Upon heating during the powder synthesis process, however, such oxygen may react with the metal elements to form oxides. On a per mole of oxygen basis, the standard free energy 
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¦G of alumina (Al 2 O 3 ) is significantly more negative than those of titania and silica. 28) In other words, alumina is more stable than titania and silica in the system from the thermodynamic viewpoint, therefore, oxygen is removed from the material system by Al during the powder synthesis process. According to our chemical analysis results, the amounts of Ti, Si, Al and C did not change during synthesis, but the amount of oxygen was found to change from 0.69 wt % in the powder mixture to 2.1 wt % in the synthesized powder. Assuming the oxidation of Al by oxygen, from our chemical analysis results, the 0.2 molar ratio of Al in the powder mixture should be consumed to form ³7.1 mol % (4.8 wt %) Al 2 O 3 in the synthesized powder. As a result, the phase composition of the synthesized powder should be "Ti 3 SiC 2 , 71.4 mol %, 91.3 wt %", "Si, 14.3 mol %, 2.6 wt %", "Al, 7.1 mol %, 1.3 wt %", and Al 2 O 3 , 7.1 mol %, 4.8 wt %". From an enlarged XRD pattern of the synthesized powder, traces of Si, Al and Al 2 O 3 were observed except in the main Ti 3 SiC 2 phase. Figure 3 shows XRD patterns of the textured top (a) and side (b) surfaces of the pressureless sintered Ti 3 SiC 2 ceramics. On the textured side surface, the (101) and (104) planes that show the two strongest diffraction peaks exist, whereas, on the textured top surface, only the c-axis planes exist. The Lotgering orientation factor was calculated as L f (001) = 0.97 on the textured top surface.
The sintered sample was crushed and true density was measured by the helium pycnometer. The relative densities of sintered samples were calculated from the bulk densities and the true density value of 4.33 g·cm
¹3
. According to our chemical analysis results, the 0.2 excess molar ratio of Si in the mixture powder decreased to 0.03 in the sintered samples, and the molar ratio of Ti, Al and C did not change. Figure 4 shows the effect of temperature on the relative density of the pressureless-sintered samples. The relative densities were measured using three samples at each sintering temperatures and the same value were obtained. The relative density of the pressureless-sintered samples prepared by slip casting in a strong magnetic field increased rapidly with an increase in temperature from 1100 to 1400°C reaching a value of 99.4% at 1400°C. This is due to the formation of the SiAl liquid phase. 13) In the sintered samples, the Si/Al phase should be located at grain boundaries, although further research is required. Figure 5 shows SEM images of the textured top (a) and side (b) surfaces of the samples pressureless-sintered at 1400°C for 2 h. The c-axis of a plate like Ti 3 SiC 2 grain was oriented parallel to the slip casting direction. This microstructure resembles a nacre microstructure. Table 1 shows the relative density, mechanical properties and electrical resistivity of the pressureless-sintered samples compared with those previously reported. , respectively. These values are much higher than those of nontextured samples prepared by pressureless sintering 9),10), 13) and even those of samples prepared by hot pressing except for fracture toughness.
10) The effect of the orientation on the mechanical properties was confirmed. Undoubtedly, the present microstructure design has a marked effect on the mechanical characteristics. It is considered that grains aligned in the textured ceramics greatly increase the bending strength. In the nontextured Ti 3 SiC 2 ceramics, the random orientation of the grains cannot support an effective mechanism that inhibits the rapid propagation of microcracks. Figure 6 shows SEM images of the K 1C test specimen after tests considering the (a) textured and (b) nontextured Ti 3 SiC 2 ceramics. It can be seen that the crack propagation behavior of the textured Ti 3 SiC 2 ceramics is significantly different from that of the nontextured Ti 3 SiC 2 ceramics. The cracks of the textured Ti 3 SiC 2 ceramics propagate not in a straight line but in a zigzag manner. It is considered that the higher K 1C value of the textured Ti 3 SiC 2 ceramics is attributed to the enhancement of the pull-out of the platelike grains and crack deflection as can be seen in Fig. 6(a) . The higher fracture toughness of the hotpressed samples might be attributed to the texture and grain growth of the samples with a diameter of 2025¯m and a thickness of 58¯m, although further research is required.
The electrical resistivities of both the textured and nontextured pressureless-sintered samples are as low as ³0.31¯³·m. The obtained values are almost the same as the reported ones 29) and comparable to those of metals, such as Ti 30) and Fe.
31)
Conclusions
Ti (D 50 ; 24¯m), Si (230¯m), TiC (D 50 ; 2.8¯m), and Al (¹38¯m) powder mixtures with a molar ratio of 3Ti:1.2Si: 0.3Al:2C were heated at 1200°C in Ar. Almost single-phase peaks of Ti 3 SiC 2 were observed in XRD measurement. Using the Ti 3 SiC 2 powder, highly textured Ti 3 SiC 2 ceramics were successfully fabricated by slip casting in a strong magnetic field followed by pressureless sintering at 1400°C for 2 h. The relative density was above 99%. The three-point bending strength, fracture toughness and electrical resistivity of the textured Ti 3 SiC 2 ceramics were 623 « 9 MPa, 5.9 « 0.1 MPa·m 1/2 and 0.31¯³·m, respectively. Compared with those of nontextured pressurelesssintered samples of almost full density, the three-point bending strength and fracture toughness of the textured Ti 3 SiC 2 ceramics have increased by factors of 1.6 and 1.4, respectively. 
